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TTiis invention relates to improved optoelectronic devices, in particular ft relates to 
optDelectronlc devices such as light emtth'ng diodes (LEDs), photodlodes and 
photovoltaic cells. 



Optodedronlc devices Include d^lces that generate light radiation and those that 
detect light radiation. Typically such devices am used In displays and sensors. 

Many optoelectronic devices continue to be refined and Improved. It Is an orvgolng 
objective with regard to the development of such .devices that they should be as 
efficient as possible. For example desirable improvements include Increased 
brightness fi-om an LED or photodlodes that may operate suocessftiHy with tower 
levels of input light. 

An organic LED essentially consists of a light emitting layer sandwiched between an 
anode and a cathode. Typically the anode is in contact with a substrate. 

Elertrons and holes combine in the light emitting layer to produce light via the decay 
of excitons. In addition tD generating "useful" light radiation, both heat and trapped 
optScaJ modes may also be produced. 



Usually light Is emitted through the anode, however more recently organic L£D 
emission through a planar metal cathode has been demonstrated by Hung et al, 
Appl. Phys. Lett., 78, 544 (2001). 
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The presence of a metallic cathode cannot usually be avoided. In addition to its 
necessaiY electrical function, It also significantly modifies the ofrtical properties of.the 
structure. Such modifications can be advantageous. For example where emission Is 
to take place through a (semi-) transparent anode, light that was InHJally directed 
towards the cathode may be partially reflected so as to emerge through the anode 
and thus be recxjvered as useful radiaUon. However, metal surfaces also act to 
quench emission. Two distinct effects can act to quench emission from a light 
emitting layer If it is placed dose, to a metal elecb-ode. If the light emissive layer is 
ver/ dose to the metal layer, for example if the distance between the light emitHng 
spades and the metal is as small as the emi^lon wavelength/40, the energy of the 
emissive layer can be transferred directly to an electronic excitatton of the metel, 
which results In conversion of the energy to heat. It Is common practice in the 
fabrication of light emitting devices to design the stmcture In such a way that the 
emissive zone In the light emitting layer Is spaced away fit»m the metal electrode to 
minimise this eflfect. If tlie emissive spedes is at a greater distance fiT>m the metal 
electrode, for example at a distance of the emission wavelength/iO, die energy can 
be captured as a plasmon wave at the surfece of the metal. On planar surfeces the 
surface plasmon modes are non-radlatlve and thus act as a loss channel for the 
device, so Impeding effldency, see Barnes IEEE J. Light. Tech., 17, 2170 (1999), and 
Hobson et al. IEEE 3. Sei. Top. Quant 8, 378. In a typical organic light emitdng 
diode sb^jcture. If the emitting spedes Is placed at a distance of lOnm from a metal 
electrode, some 60% of the energy will be directly lost to the metal. If the emitting 
species is placed at a distance of 50nm from the metal elertrode, the loss of energy 
to the metal Is reduced to about 8%, but some 47% of the energy is trapped as a 
suriiice plasmon mode. 
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In some sppljcatJons emission through the anode may be either Impractical or 
undeslred. One example is emissfon froni quantum wells embedded just below the 
surfece of $ high Index semiconductor; here emission through the semiconducting 
wafer may be impracb'caL Another example Is that of an organic LED built onto the 
surface of a silicon wafer. In both cases It would be convenient to accomplish 
emission tiirough a semltransparent metal electrode. It Is one of the aims of the 
present invention to Improve ihe efficiency of such a scheme. 

It Is well known that in fabrlcab'ng a light emitting organic device, It Is desirable to 
use an electrode material having a low electronic work ftjnddon for the cathode. Such 
low work function materials are desirable, because they minimise the energy barrier 
to the InjecUon of elecb^ns Into typical organic semiconductor layers. Such low work . 
function electrodes are normally metals such as calcium, lithium, the rare earth or 
lanthanlde metals and their alloys. It is also known that cathode materials such as 
aluminium which have an intemnedfate value of work function together with an 
additional layer which promotes charge Injecdon can be used. Such addltfonai layers 
Inducje a thin layer of lithium fluoride. It remains difficult to provide a low work 
function elertrode which does not have a metallic character. Organic Ifght emitting 
devices in which emission cannot take place through the anode must therefore. In 
general emit their light through a thin semi transparent metal cathode. The problem 
remains that much of the emitted light Is trapped as surface plaanons. 

If nothing Is done to recover trapped guided modes such as SP modes then they 
represent a wast3eful decay route for the excltons that generate the light and will 
reduce the external efPiciency of the device. 

Various attempts have been made to Increase the light output from LEDs. Lupton et 
al AppL Phys. Lett, 71, p3340, 2000 discuss the use of a diffraction graHng for 
increasing the brightness of the emitted light 
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Typfcally such difftBCtlon gratings are described as being added to the surface of the 
optoelectrtjnf c device, however in reafity vrfiat resuHs is a periodic microstructure 
extending through a number of layers. Fbr example Rgure 1 IlluSb^tes a typical LED 
wd Rgure la illustrates the LED of Rgure 1 aftei: a periodic microstrucbire has been 
imparted on to it. 

In Rgure 1, the LED comprises a glass substrate 1 on to which have been deposltsed 
an anode 2, a light emitting layer 3 and a cathode 4 typScally made from metal. The 
arrow indicates the usual direcHon of the emitted fight. 

In Rgure la the periodic microstructure Is rep-eSer^ as a corrugated layer. 
T/plcally Hie ^ass substrate I Is spln-coated with photoresist, baked and exposed to 
laser light such that a wave patbam Is formed In the photoresist. Following further 
processing and ^osure to UV radiation to hard^ the photoresist, or use of reactive 
Ion etching to transfer aie pattern to the substrate, the anode 2, dleiectrtc or 
semiconductor layers (often referred to as a light emitting layer) and cathode 4 are 
deposited. The effect of depositing further layers on to the corrugated glass 
substrate is that this perfocHc micrcEStoiictdre extends through the subsequently 
deposited layers such that, in the example lllusb^ted by Rgure la, the cathode 4 
possesses a periodic microstructure. 

In Figures 1 and la the interface betwveen, for example tiie cathode 4 and ""above" 
would, in the absence of a further layer be commonly reiienred to as the cathode/air 
interface. 
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It Is an otrj^ve of the current Invention to provide more efficient opto€lef±-onlc 
devices. This is realised partly by understanding more fuKy those processes occurring 
at the varfous Interfaces of optoelectronic devices and the subsequent use of 
mrcnjstructures in such a way that SP modes are recovered as useful radration- 

The above description of devices has been framed primarily in the context of devices 
which emit light Such devices include light emitting diodes, organic light emitting 
diodes, electroluminescent devices using thin film or powdered phosphors and light 
emitting polymer devices. Those sidlled in the art will Immediately recognise that the 
essential aspects of the discussion are common to these and to other light emitting 
devices. It will also be recognised that the same considerations apply to other 
eiectro-optlc devices. For example, light detection and photovoltaic devices rely on 
light entering the device through an electrode structure and causing excitation of a 
semiconducting layer. Those skilled fn tlie art will recognise that surface plasmon 
effects can connespondlngly reduce the operational efficiency of light detecting and 
photovoltaic de\nces by trapping Incident lights and that the problem may be reduced 
by the same means as for emissive devices. The same considerations and remedies 
apply to other devices^ such as electro-optic modulators,, switches etc which rely on a 
dielectric or semiconductor layer provided with at least one metal electrode. 
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The fnverrtors of the present fnventjon have analysed the mechanisms by which fight 
may be coupled from surface plasmoh modes at a metal surfece into an emitted 
mode in the surrounding medium, by means of a periodic mfcrostnjchire. Further the 
Inventors have newly recognised the relative Importance of surface plasmon modes 
supportsed at the inner and outer surfaces of the metal electrode, and the detailed 
effect of a periodic microstructure on the scattering of each. In particular the 
Inventors have newly recognised that the surface plasmon modes supported at the 
Inner surface of the metal electrode are of dominant Importance m redudng the 
efficiency of devices, and that periodic mfcrosb-uctures described in the prior art are 
substanUally ineffective In a)upting light from surface plasmon modes at the Inner 
surfece of the metal electrode Into emitted modes. Recently Giffond and Hall (App. 
Phys. Lett. Vol. 80, p3679-36Sl, 2002 showed that emission couJd be enhanced If 
the periodic microstructure is used to couple the SP modes on the inner and cuter 
metal surfaces together as well as coupling theni to emitted radiation. In their work 
the SP mode at the Inner surface Is only coupled out under very specific matching 
conditions/ so providing only limited recovery of power lost to the SP mode at tfie 
Inner surfece. The inventors of the present invention have further addressed this 
problem by tl^e design and fabrlc^tjon of a new type of periodic mlcrostructune. By 
the inner surface of the metal electrode, fs meant the surface of the metal electn^de 
which is closer to the emissive layer In a light emitting device eg a dielectric or semi- 
conductor layer. The inventors have fbund that the reason for the ineffecdveness of 
prior art microstructures lies In a destructive Interfisrence of light which occurs 
between Ught produced via 1/ and ij/ below: 

0 Light scattered by a periodic microstructure from the surface plasmon mode 
at the Inner metal electrode surface I,e. at the interface between the emissive 
layer and the metal electrode and then propagating through the electrode. 
The periodic microstructure is substantially present at the inner metal 
surface. 

If) Ught scattered by a periodic mlcfosbucture substanbally present at the outer 
metal surface by interaction with the evanesent wave associated with the 
surface plasmon mcxie at the inner metal electrode surface. 
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Atxarding to a first aspect of this inventfon an optoelectronte device c»mpi1ses: 

a dielectric layer or a semlcxjncJuctor layer sandwiched between electrode stnictut«s, 
wherefn at least one of the electrodes Is substantially metal comprising and at least ' 
semi-transparent, 

a periodic mfcrostructure In contact with at least one surface of the substantially 
metal comprising and at least semi-transparent electrode, 

characterised in that the structure and positioning of the periodic micrastructure is 
such that: 



surface plasmon (SP) polariton modes supported mainly at the interiBca between the 
dielectric layer or semiconductor layer and the metal comprising, semi-transparent 
dedrode • , .. 

are substantially scattered into propagating light- said propagation bang out of the 
plane of the dielectric layer or semiconductor layer and themetal comprising, semi- 
transparent electrode interfece. r 
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By intact is meant physfcal and/or optical'oontect and by opHcal contact Is taken to 
mean that the electric field assocfated w?th the SP mode supported at (or associated 

With) the dfeiectric layer or semiconductor layer and the metal comprising semT- 
transparent electrode Interfece has a significant /appreciable amplitude at the 

periodic microstructuns. 

In practice it wlil often be the case that the periodic microstructum is in physical 
contact With the metal comprising semi-transparent electftid^ however tfiere may 
optionally be further semi-transparent or transparent layere positioned In between 
the various layere referred to above, for example ther^ may be transparent layer^s) 
In between the periodic mlcrosbudure and the layei^ either side of the periodic 
microstructure. 



p. 12 
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Periodic mfcrostructures fnducle grating type structures such as a periodic sequence 
of valleys and hllfs, or a periodic sequence of grooves- They also Include surfaces 
that are periodic Fn mone than one diredion on the surface^ examples are the 
simultaneous presence of two grating structures and two dlmenslonally periodic 
arrangements of hdes, bumps etc. 



Periodic mlcrostructunes.also includes stnjctures which are described as quasi- 
periodic structures, one eKample of which Is a so called Penrose tiling. 

A periodic micnostructure in contact with at leasfc one of the electrodes Includes the 
rase where it is the said eledrodB that is mlcrostructured- 

By semi-transparent It Is meant that said electrode allows sufficient light through for 
the device to operate and that the electrode is at least semi-transparent. 

In SiJedfic e^ami>les and/or In discussions relating to the prior art herein the term 
emissive layer or light emitting layer is often used which is taken to mean the 
dielectric or semicondud3Dr layer(s) which Is (are) sandwiched between electrodes as 
referred to in the statement of invention. In the case of an electro-optic device which 
iijnctions bs a photovaltalc device, a photodiode or a photoresistive device, such 
dielectric and semiconducting layers may not actually be photoemlssive with a 
usefully high efficiency but will perform a corresponding electro-optic function by 
ateorbing light and generating or passing electrical charge. It will be understood by 
those sidlled in the field that the operation of such devices and others can be 
undei^Stood by considering light absorption rather than emission and charge 
separation rather than recombination and applying these changes mutatis mutandis 
according .to the devira under dlscus^on. 
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An Interface widi the air Is taken to mean an fnCerfece with the outer edge of the 
structure. A ftjrther layer may be added (encapsulation) at this Interfece - typically 
by using a further transparent layer. 

Preferably ihe substantially metal comprising electrode means that said electrode 
comprtses a metallic layer, more preferably the electrode Is a metallic electrode such 
as aluminium. Preferably the mefal comprising electrode is the cathode. Preferably 
the cathode is made ftxim aluminium. 
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It was stated earllei' in the current application that the present Inventors have found 
that the reason for the ineffectiveness of prior art microstructures lies in a 
destructive Interference of light which occurs between light produced substantially 
via two rautses. The current Invention in eflfiect results In a substantial lack of such 
destructive interference. 

Preferably the substantial lack of destmcbVe Interference is taken to mean that the 
Interference of the light ariafng from each of the above Identified scattering routes 
from a surfece plasmon is such that at a chosen wavelength at least 50% of the 
power which In a planar stmcture would be trapped as a surfece plasmon, b emitted 
as useful radiation. Preferably such substantial lade of dsstnjdJve Interferettce will 
lead to an overall Increase In the external efficiency of the device of at least 10%. 

Being out of the plane of the dielectric layer or semiconductnr layer means that the 
propagating light is sufficiently out of the plane so that It can be emitted from the 
device as useful light 

SP modes supported mainly at the Interface between the said layers and electrode Is 
taken to mean the Interface mode that comprises an oscillating electromagnetic field 
associated with an oscillating surfiace change disbibution rn the metal, the 
electromagnetic field being $uch that it decays exponentially with distance away from 
the interlace. 
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Prefigu^biy the pariodlc microstructune Is selectBd firom the following structures: 

« the metal comprising electrode comprises a grafing type structure on each of its 
surf^ces(I.e, possessing wavelength scale periodic mlcrostructure ttiat Is periodic 
In at leai^one direction In the plane of the device^ wherein the relationship 
between the mlcrostructure of the two metal comprising surfaces is such that 
they are out of phase by n radians or substantially n radians. 

■ a grating type structure present only at the Interface between the metal 
comprising electrode and the layer into which electrons are Injected ie the 
semiconductor or dieledilc layer, r 

■ a grating type strurture present at the metal comprising electrode/air (or metal 
comprising electrode/encapsulation) Interface only. 

■ a further dielecb-Ic layer present at the surface of the metal comprising electrode 
remote from the dielactric/semiconiductor layer, on which is present a grating 
type structure. 

In addition ail of these structures may. be such thjat they possess wavelength scale 
periodic microsb-ucture in more than one direction in the plane of the device so that 
the mlcrostructure extends in both the x and y directions in the plane of the device, 
as noted below. 

For those periodic mlcrostrudiires listed above the grating type structure may be a 
series of holes preferably sub-wavelength whtch have been made In the metal 
comprising electrode. AitemabVely It may be a series of lines etched in to the 
appropriate surface, e.g. by laser. It may also be a series of bumps and dimples. 
Such techniques are well known to those skilled in the art. 

By wavelength scale periodic microstructure is taken preferably to mean a periodic 
arrangement of bumps and hollows or grooves and ridges wherein the distance 
between successive bumps or grooves and the like is of the order of the wavelength 
involved or less. 
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By substantially n radians is preferably taken to mean between and induding 7r/2 and 
3%I2 radians. 

To optimise the light extracted the periodic mlcrpstructure may be periodfc fn mora 
than one dlmendon. f=or example a serond (and optionally a thlnj) mfcrostructure or 
corrugatfon may be added^ thus alloyvrng surface plasmons propagaflng in all In- 
plane directions to be coupled to racfiatton. It has been demonstrated that th^ can 
be an effldent process. Worthing et aJ., Appl. Phys. Lett., 79, 3035 (2001). Multt- 
perlodlc mlcrostnichjra^ Include gratings etched at substantiaify 90* to each other 
where two gratings are used or at substantially 60" to each other wh^ thr^ 
gratings are used . It is understood that periodic mfcrostructures may be fabricated 
by a variety of known methods Including but not restricted to photolithography, e- 
beam litiiography^ chemicai or plasma etching, ias^ machining or ablation, 
mechanical scribing or ruling, embossfng, and seledSve exposure of a photsopolymer. 

By careful design of the periodic microstructure surface pta^on mods are 
recovered as useful radiation which in jfiie case of a device such as an LED results in 
Inaeased effidency and increased bri^ghtness. Slmilariy it allows for sensors whfch 
may woric more efficiently In lower lighting conditions 

Preferrisd optoelectronic devices Indude photodipdes, photovoltaics, light emitting 
diodes both onganic and inorganic, light emitUng polymer devices, emissive displays 
and solid state lighting elements. 
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The dielectric or semiconductDr layer may itself consist of one or more layers. For 
example fn the case of an LED the dielecbic: or semiconductor layer typically 
possesses the following Uiree properties: electron transporting (FT); hole 
transporting (HT); light emitting (LE). If the layer of material is a single layer then 
the sinsle layer of materia! must exhfbft: all three properties. For the case when the 
layer of material is a single layer then the material may consist of a single material, 
for example In a typical organic LBD poFyphenylenevinylener or by mixing two or 
more materials with appropriate properties together, for example N,N -diphenyl-N^N'- 

ditolylbenzidine (HT), Coumarin 6 Laser dye (LE) and t-Butylphenyl 4-biphenylYl- 

■ t' , 

oxadlazole (FT) which may be abbreviated to PBT. For the case when the layer of 
organic material comprises more than one layer then suitable examples Include: 

1/ Layer 1 = HT layer. Layer 2 = LE layer. Layer 3 ^ ET lay^r 

il/ Layer 1 = HT layer, 1-ayer 2 = material which acts as an ET medium but also emits 

light (LE), for example Aluminium tris 8-hydroxv;quinolinatB (Afq3) 

Hi/ Layer 1 = HT and LE, Layer 2 ET 

IV/ The LE material may be doped In small quantities - typically 0.5% into ET or HT 
or both. Typical doping agents are coumarin 6 or pentaphenyl cyciopentadiene. In 
cases where concentration quenching Is not severe/ larger doping concentrations, for 
example, 10% may be used. Examples of suitable dopants Include rubrene, and 
complexes of terbiumr europium and iridium. 

Preferably in the case where the layer of material Is a multiplicity of layers, then the 
layer adjacent to the cathode prefenehtlany transports elecfrons and/or the layer 
adjacent the anode preferentralty transports holes. Preferably the luminescent 
material has a high quantum efficiency of luminescence- The luminescent component 
may be combined with a charge transporting material or may be present in a 
separate layer. 

The dielectric or semiconductor layer may be deposited on the anode by any of the 
following techniques: thenmal evaporation under vacuum, sputtering, chemical 
vapour deposition, spin depositing from solution or other conventional thin film 
technology. Other suitable techniques will be apparent to those skilled in the art. 



The thickness of the dielectric or semiconductor layer is typically 30-20CM)nin, 
preferably 50-500nm. The device may contain ftjrth6r layers which are situated neset 
to the elecltodes and the semiconductor or dielectric layer - these fiirther layers may 
be conducting or insulating and act as a banfer to difPusion of the electrode material 
or as a barrier to chemical reactiwi at the electrode and dielectric or semiconductor 
layer Interfece and/or may art to ftdlftate Injection of charge into the adjacent layo-. 
Bttmples of suitable materials fcr these further layers Include emeraldlne which 
prevents indium diffusion Into the layer of didectric or sernfconductor from an iTt) 
electrode, or, for the same reason, copper phthdocyanlne may be used; albemativefy 
the addition of a thin layer (~0.5nm) of lithium or magnesium fluorlda at tSie 
Intaftos b^een a lithium electrode and the dielectric or semiconductor layer may 
be used. > - 
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Hence preferably acx»rd[ng to the present fnventlon an optoelectronfc device 
comprises: 

a dielectric layer or a semiconductor layer sandwiched between electrode structures, 
whenein at least one of the eleclrodes Is metallic and semi-transparent; 

a periodic microstmcture In contact with the metaJllc semi-transparent electrode 

wherein the periodic mlcrostructure is given tiy one of the foHowIng structures: 

" a grating type structure which is in contact. wlth both sides of the metallic semi- 
transparent electrode, wherein the relationship between the microstmcture of the 
two surfaces of tfie gating type structure is such that they are out of phase by « 
or substantially 7t; 

- a grating type structure present only at the interface bebween the metallic semi- 
trareparent electrode and the semiconductor or dielectric layer; 

• a grating type structure present at the metallic semi-transparent elecb-odei^air 
Interface only; 

■ a grating type sb-ucture present on a further dlelecfrlc layer present at the 

surface of the metanic semi-transparent electrode said surfece being remote from 
the dielectrfc layer or semiconductor layer. 

Prelisrably the metallic semi-transparent electrode Is the cathode. 

For all of the aspects of the present invention at any of the interfeoes of the 
optoelectronic dev^ice there may be present transparent layere - when such a layer is 
used at the interlace with the air then this is generally referred to as an 
encapsulahan layer. For example tfie semi-transparent electrode air Interface may 
have an encapsulation layer. 

All of the previously disclosed statements in relation to the first aspect of the 
Invention are applicable to this preferred aspect of the Invention. 
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The Invention will now be described by way of example only with reference to the 
following Hgures: 

Figure 1 illustrates a typical planar LED struclune 

Rgure la Illustrates a light emitting structure such as that lllustratBd In Rgure 1 with 
wavelength scale penodrc corrugation Incorporated 

Figune 2 Illustrates a power dissipation spectrum for an emttber embedded In an 
emissive layer (Alqa) In close proximity (30 nm) to a thin (30 nm) silver layer 
(simulating the cathode) 

Figure 3 illustrates emission spectra recorded at a polar emission angle of 19 
degrees. The mode assignments are made by nsference to measurements and 
calculations of the dispersion of the optical modes of this structure. The spectra were 
obtained by iising a device as lUustrated in Figure la 

Rgures 4a-d Illustrate periodic mlcrostructures for use in the present Inventfon 

4a illusb^tes a bl-graUng where the IndMdual gratings are out of phase by n 
With respect to each other . • 

4b illustrates a periodic microstructune at the cathode/air Interface only 

4c illustrates a periodic mlcrostructure at the interface between cathode and 

dielectric or semlconductCH' layer only 

4d lllusfratesthe case where a flirthef .dfelectric layer is deposited on the 
cathode and wh^ein there is a periodic mlcroshricture at the ftirther 
dielectiic layer/air Interlace only 

Rgur^ 5 illusbratjes a device according to the present invention 

Rgure 6 Illustrates emission specba (photolumlnescence) recorded at a polar 
emission angle of 11 degrees by use of the device In Rgure 5 

Rgures 7a-c Illustrate a device acx»rdlng to the present Invention 
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Rgure 8 illustrates a multiplexed addressed devica according to the present 
Invention. 

In order that tiie Invention may be more readily understood it Is necessary to more 
fully understand some of those processes occurring in optoelectronic devices such as 
LEDs. 

To gain a quantitative idea of the nature of the problem that SP modes represent, 
the current inventors have calculated the power coupled tb the different modes using 
well established techniques of Ford et al, Phys, Rep., 113/ 195 (1984) and Wasey et 
al, J. Mod. Opt., 47, 725 (2000). Figure 2 illustrates the power coupled from an 
emitter as a function of in-plane wavevector. By way of example the stmcture 
investigated comprises a 60 nm layer of light emitting material (e.g, Alq^) febricated 
on top of a glass substrate, and coaled with 30 nm of silver^ 1» simulate a cathode. 
Ttte calculatron is for an emftier in the middle of^the emissive layeo I.e. 30 nm from 
the metal surface. The different peaks In Figure 2 represent different modes to 
which ttie emitter may couple; the area under each peak represents the power 
coupled to that mode. In addifdon to radiatton a'^very significant amount of power Is 
coupled to surface plasmon modes, notably the SP mode assodated with the 
metal/emissive material Interface. (TT^ere are two SP modes In this slructure, one 
associated with the metal/air interface, the other associated with the metai/emlssive 
material tnterftice). If nothing Is done to recover trapped guided modes such as 
these SP modes then they represent a wasteful decay roulB for the excitons and will 
reduce the efficiency of the device* 

From Rgure 2 )t (s clear that molecule lose a v6r/ significant fraction of thetr energy 
to the SP mode assodated with the metai/emlssive material int^rf^cs (in this case 
the Ag /Alcfo Interface). If nothing is done to recover the power coupled to this SP 
mode then the effidency of the device will always be sub optimai. 
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The stnjcture in Rgure la was febricated asfcllovws. In this Instance with the 
absence of an anode. A film of Shipley Megaposit 700 deposited onto a planar 
silica glass slide 1 by spin coating- The corrugated surfeoe, taking the form of a 
diffraction grating (?^ = 412nm) was then produced In the photorraist by means of 
holographic lithography Wtson et al, IEEE. Phot/Tech. Lett, 8, 1662, 1996. The 
structure was then placed in a reartive ion etcher where CHFaand O2 gases were 
used to etch the grating profile into the silica substrate and to remove the remainder 
of the photoresist layer. Onto the textured substrate the Alqa (70nm) layer 3 and 
silver C30nm) films 4 were sequentially evaporated. The pitch of the grating needs 
to be appropriately chosen. The grating produced here had a surface profile that can 
be apprttodmated by a sine wave^ y(x) ^ sm(kgX) where kg = , \ is the 
pitch of the grating. In the present case the pitth was 41Z nm ^nd the amplitude of 
the surface profile was 25 nm. The condition on the pitch Is that the surfece 
plasmon modes supported by the slnidure {see Rgure 2) can be Bragg scatbered by 
the periodic corrugation and In so ddng be coupled to fer-fleld radiation. Thus the 
pitch of the grating must be such thati 

where ko is the wavevector of a photon at the emis^on frequency In free space, k^,. 
is the In-plane wavevector of the SP mode that is to be coUpled to radiation and kg 
is the Bragg vector associated with the corrugation. The integer r? Is the order of the 
Bragg scattering and usually takes thia value n ^1^ i.e. lowest onder scattering. The 
amplitude is an Important parameter in determimng the efRciency of the scattering 
process, and should typically be of the order of » Jl^/lO where ^ Is the free space 
emission wavelength of the emissive material. 



The emission spectrum for light emerging through the metallic layer should Include 
features due to the SP modes assodated with the structure. The results^ shown In 
Rgure 3^ show that emission assodated with the metal/air plasmon dominates the 
reconded emission. Given that the emitters couple much more sb-ongly to the 
surfece plasmon associated with tiie metal/emissive layer interface (see Rgure 2), 
these results Indicate that the metai/emlssive layer surface plasmon is very podrfy 
coupled to radiation by this structure. 
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The inventors of the current invention h^ve found that the reason for this weak 
coupling of the metal/emisshre layer SP mode tD radiation, is a result of destructive 
mterfemnce between the two scattEring processes that may couple the SP mode to 
radiation. The two processes are: 

1- The SP mode fs scattered by the lower (metal/emisslve layer) corrugation and 

propagate through the metal to emerge In the air. 
2. The SP mode penetrates through the metal/ is scatbered by the upper (metal/air) 

corrugation, to emerge In the air. 

The net phase incurred fn these two scattering processes differ by tc so that they 
Interfere destructively. By contrast, tiie upper, rnetal/afr surfece pl»mon has only 
one route for scattering so as to produoi radiation In the air there can thus be no 
cancellation due to destructive Interference, thus ejcplalning why this mode is seen In 
the spectra shown in Rgure 2, despite being only very weakly excited by the 
efViissive layer. 

Figure 4awd (llustrate examples according to the present Invention of how tiie phase 
difference between SP modes may be altered and the interference conditions 
changed from destructive to constructive- 

In Rgure 43 the two periodic microstrucbures or surface corrugations are slipped by 
7c relative to each other. 

In Figure 4b ti^ere Is present a periodic microstructure at the cathode/air mterfece 



only. 



In Figure 4c there Is present a periodic microstructure on the dielectric or 
semiconductor layer (may be generally referred to as an emitter or emissive layer) 
and the interface with the cathode only. 
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In Rgure 4d there is a layer of dielectric or semiconductor (the anode Is not shown)^ 
a metal comprising cathode which Is -fiat or fiub^tantrally flat on both suriBces. 
Instead of the next layer being air there is d^sited a further dielectric layer with a 
periodic microstructure. 

Wfth respect to the structure Illustrated In Rgure -W this affords advantages In terms 
of the fabrication process In that the final dielectric layer could be deposited on an 
already formed planar metal comprising cathode. 

Rgure 5 Illustrates a device according to the present inveritlon which is used bo 
illustrate the effect of use of a periodic mlct^trudxjre according to the present 
Invention. lh&^ is present an anode> a layer c^^Ielecbic or semlconduc±Dr, a metal 
Gomprlsing cathode and instead of the next layer being air there Is deposited a 
further dielectric layer 31 possessing periodic microstructure on tap of the cathode 4. 

A structure similar to that shown In Rgure 5 was fabricated, but without the 
presence of an anode. A layer of emissive material (Alqs) was deposited by vacuum 
subllrnaticn^ after which a thtn ("^30 nm) layer of metal (Sliver) was deposited to 
represent a catiiode. A thin C~1Q0 nm) layer of^ photoresist was then added by spin 
coating. The photoresist was then ei^posed to ah Interference pattern produced by 
interfering two laser beamSi^ chemical development fcielng used to translate the 
exposaiire modulation into a physical modula^ori.of the photoresist. 

The emls^on spedrum from the structure illustrated In Rgure 5 Is shown !n Rgure 6. 
The SP mode associated with the metal comprising electrode/dielectric or 
semiconductor layer (generally referred to as the emissive layer) Interface Is now the 
stronger of the surface plasmon fieatur^ (when compared to the intrinsic emission 
spectrum). 
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Rgures 7a-c lUustrate further examples of LED devices constructed according to the 
present invention, A substrate typically made of glass 1 is sequentsally overlaid with 
an anode 2 typically made of Indium Tin Oxide CITO), a dielectric or semiconductor 
layer 3 (offeen referred to as any of an emissive layer or a light emitting layer) which 
may be essentially of an organic or Inorganic nature. This layer may itself consist of 
one or mona layers represented In Figure 7c as 3a, Sb^ 3c. Ihe layer of material 3 
possesses tiie following three properties: electron transporting (ET); hole 
transporting (HT); light emitting (LE); If the layer of material 3 is a single layer then 
the single layer of material 3 must exhibit all three properties. For the case when 
the layer of material 3 Is a single layer then the material may consist of a single 
material, for ^mple In an Organic UED (OLED) poiyphenylenevinylene, or by mixing 
two or more materials Witii appropriate prop«tI» together, for example IM,N'- 
dipheartyl-N,N'-dltolylbenzId!ne (HT), Goumarin 6jl-aser dys:(LE) and t-Butylphenyl 4- 
Wphenylyl-oxadfazx»ie (ET) which may be abbreviated to RBT. l=or the case when the 
layer of rrtaterial 3 comprises more than one layer then suitable examples include: 

1/ 3a = HTIayer, 3b = L£ layer, 3c = ET layer - 

11/ 3a = HT layer^ 3b = material which acts as an ET medium but also emits light 
(1^, for example Aluminium tris 8-hydroxyquinolinate (Alq3) 
lii/ 3a. = HT and LE, 3b = ET 

iv/ The LE material may be doped in small quanttties - typically 0.5% into ET or HT 
or both* Typical doping agents are coumartn 6 or pentaphenyl cyclopentadlene. 

Preferably In the case where the layer of material 3 Is a multiplicity of layens, then 
the layer adjacent to the cathode prefiarentialiy transports electrons and/or the layer 
adjacent the anode prefenentially transports holes. Preferably the luminescent 
material has a high quantum efficiency of lamfnescance- The luminescent component 
may be combined with a charge transporting material or may be present in a 
sqiarate layer. 

The layer of material 3 may be deposited on the anode 2 by any of the following 
techniques: ttiermal evaporaCon under vacuum, sputtering, chemical vapour 
deposition, spin depositing from solution or other conventional thin film technology. 
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The thickness of the layer of material 3 fs typically 30-2000nm, preferably 50-500nm. 
The device may contain layers 21a and 21b (see Rg 7c) which are situated next to 



and act as a barrier to diffusion of the. electrode material or as a barrier to chemical 
reaction at the elech-odes 2,4 and layer of organic material 3 Interface. Examples of 
suftable matErialsfor 21a and 21b include emeraldine which prevents Indium 
diffusion into the layer of (organic) material 3 from an ITD; electrode, or, for the 
same reason, copper phtiialocyanlne may be used; alternatively or additionally the 
addition of a thin layer (-'O.Snm) of lithium or magnesium fluoride at the Interface 
between a lithium eledrode and the layer of (organic) material 3 may be used. 

The metal comprising periodically mlcrostrudured cathode Illustrated in Rgure 7a is 
typically, when compared to standard;cathodes for use In LEDs, thinner. The cathode 
possesses a planar lower surface and a slnusDidally modulated top surface, the pftx:h 
of the modulation is of the order of >?o /2, for emission In the visible the pitch will 
thus be ~ 250-300 nm. The mean thickness of the cathode may be 20-40 nm, 
whilst the amplitude of rnodulatJon Is"typically -^.10-30 nm. The textured profile of 
the top metal comprising layer is produced by a- number of 'fechnfques including 
etching through a photor^lst grating formed on top of the^cathode. Alternatively a 
cathode In which the modulafflon is dfep enough to penetrate the cathode 
completely, leaving a metal film full of holes may be provrdfed. In another variant the 
semiconductor or dielectric layer may have its top surface rnodulated and a cathode 
added that has a planar top surfbce. 



the electrodes 2 and 4, these fayera 21a and 21b may be conducting or Insulating 
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Another varfarxt device structure has a taexturedrdieleclric layer 22 added above the 
cathode^ as shown in Figure 7b (see layer 31 In Ffg 5). Heme t±ie cathode is relatively 
thin and planar, ^ 30 nm. It Is covered by a textured dielectric layer. The textured 
dielectric layer serv^ the same puipiase as the dirediy textured cathode of Rgure 
7a, it allows the surface plasmon modes to be Bragg scattered out of the device as 
useftjl radiation. The thickness of this layer must be thin enough to avoid the 
Introduction of further waveguide modes. Typically this may be avoided if the 
textured dielectric layer has a thickness of the order of one sixth the emitbed 
wavelength if the dielectric layer has "optical propertfes typical of common organic 
materials. It Is further desirable for the texture to comprise a thickness modulation of 
at least one tenth the emittBd wavelength In order to achteve strong scattering. 

For those: devices described by Hgures 7a-c the periodic microstructures of Figures 
4a and 4c may altsernatively be Incorporated in to devices 7a-c. 

The device of Figure 7a-c may be a single pixel device or it may be matrix addressed. 
An example of a matrix addressed OLED is shown in. plan view In Rgure 8. The 
display of Figure 8 has the Internal structure described in Figure 7a-c but the 
subsfrate electrode 5 is spttt into strlp-IIke rows 51 to Sm and similar column 
electrodes 6! to 6n/ this forms an mxn matrix of addressable elements or pixels. Each 
pixel IS formed by the Intersection of a row and column electrode. 

A row driver 7 supplies voltage to each row electrode 5. Similarly, a column driver S 
supplies voltage to each column electrode. Control of applied voltages is from a 
control logic 9 which receives power from a voltage source 10 and timing from a 
clock 11. 
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An organic photovoltaic device comprises a thin stratified layer of organic 
. semiconductor placed between two electrically conducting 'electrodes, at least one of 
whfch fs at least sedil-transparent. The stratified layer of organic semlmnductor Is so 
disposed that the organic semioonductor in contact with one electrode is a n-type 
semiconductor, and that In contact with the other electrode Is a p-type 
semiconductor. Within the thickness of the organic layer, a p-n junction Is formed. 
Light absorbed !n the organic semiconductor layer causes electronic excitation of one 
or more molecal^s to provide an excted state molecule;, excimer or exciplex which 
may dissociate to provide a pair of charge carriers of opposite charge. If the pair of 
charge carriers Is formed in dose proximity to the organic p-n junction, one charge 
carrier may dlfftjse across the junction resulting in permanent separation of the 
change^. Further diffusion of the charge carriers' to the electrodes results, under 
constant illumfnation. In an electrical potential difference and/or external current flow 
between the electrodes. In order to achfeve hfgK conversion efficiency of light energy 
Into el6Ctncal power,, light should preferably be absorbed by the organic 
semicondudx^r layer very dose to the p-n junction in order to Increase the probability 
of diffLision of a charge carrier across^ the junction. Means tx) Increase this probability 
include creation of a roughened or diffuse p-n junction, inclusion of the organic 
semiconductor layer In an optical resonant cavity'havfng an antinode close to the 
plane of the p-n junction^ and having light traverse the organic semiconductor layer 
at an oblique angle, It will readily be^understaod by those sl^iiled In the art that 
according to the physical principle of reversibility of light the effects described above 
relating t30 an organic light emitting device and the effects of a metal electrode 
thereon are exactly paralleled in a photovoltaic device on which light is Incident. 
Megn5 by which the efficiency of out-coupling of light from an organfc LED are 
improved, also increase the effldency of in-coupirng of light Into an organic 
photovoltaic device and may be applied bo increase Its efRcfency and power 
generation capacity. 
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An organic photodiode comprtees a similar structure to that of an organic 
photovoltaic device but is used as a device to deb^ or measure Inddeot light. Such 
a photodiode is often operated under an externally applied electrical potential 
dffference, and the resulting photocurrent rs monitored. It wiH be apparent that like 
organic photovoltaic devices/ organic photodlodes may be Improved by increasing 
the efficiency of in-coupling of exbernaily Incident light. ?> 
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Qalms 



1. An optx^eiectronic device comprising : 

a dielectric layer or a semiconductor lay^ sandwiched between electrode structures, 
wherein at least one of the electrodes Is substantially metai comprising and at least 
seml-transparentp 

a p«1odIc mlchostructure In contact with at least one surfece of the substantiafly 
met&l comprising and at least semi-transparent electrode, 

characterised in that the structure and positioning of the periodic mlcrastnjcture is 
such tJiat: 

surface pl^mon (SP) poiarfton modes supported mainly at the interfacB between the 
dielectric l^yer or semiconductor layer and ttie metal comprising, semi-transparent 
electrode 

ara substantidlly scattered into propagating lightr said pnDpagation being out of the 
plane of the dielectric layer or semiconductor layer and the metal comprsing^ semi- 
transparent eledrode interRsce. 
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2. A device accordrng to claim 1 wherein the periodic mlcnostructum is selected from 
the following structures 

* the metal comprising ejecCrode comprises a grating tvpe structure on each of Its 

surfaces, wherein the relationship^between the mlcnostriicture of the two metal 

comprising surfaces fs such that they are out of phase by n radians or 

substantially n radlansj 
■ a grating type structure present only at the interface between the metal 

comprising electrode and the semiconductor or dielectric layer; 
« a grating ty^pe structure present at the metal comprising electrode/air interface 

only; -■; 
«f a fiiritier dielectric layer present at the surfece of the metal comprising electrode 

remote from the dlelechici/semlconductor layer, on which Is present a grating 

type structure- ? 

3. A device according to claim 2 wherein the periodic microstructure is selected from 

a grating type structure present at the metal comprising electrode/air Interface oiily 
wherein there Is present an encapsulating layer on the electrode. 

4. A device according to any of claims 1-3 wherein the periodic microstructures are 
a periodic sequence of valleys and hills, or a perbdic sequence of grooves. 

5» A device according to any of claims 1-3 wherein the periodic mlcrostructunes are a 
grating type structure which is a series of holes In the metal comprising electrode. 

6. A device according to any of claims 1-5 wherein the periodic microstructures are 
periodic in more than one direction on the suri^ace* 

7. A device according to any of claims 1-6 wherein the periodic microstructures are 
sub-wavelength. 
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8. A device accordfng to any of claims 1-7 wlierein tt»e metal comprising eiecCrode Is 
an aluminium cathode. 

9. A device accowllng to any of dalms 1-8 wlierein the device is chosen from a fight 
emlt±lng diode, a photovoltaic cell or ?i photodlode. 

10. A device according to dalm 9 wherein the light emitting diode is an organic light 
emitting diode. 
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This invention relatses to optoetedronic devices of improved efficiency. In particular It 
relate to Rght emitting diodes, photDdlodes and photovoltalcs. By careful design of 
periodic mlcrostmdures, e.g. gratings, assodated with sudj^ devices more efficient 
: generation or detection is achieved. 
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